Although collagen and elastic ¢bers are among the major structural constituents responsible for the mechanical properties of skin, proteins that associate with these components are also important for directing formation and maintaining the stability of these ¢bers. We present evidence that SPARC (secreted protein acidic and rich in cysteine) contributes to collagen ¢bril formation in the dermis. The skin of SPARC-null adult mice had approximately half the tensile strength as that of wildtype skin. Moreover, the collagen content of SPARCnull skin, as measured by hydroxyproline analysis, was substantially reduced in adult mice. At 2 weeks of age, no di¡erences in collagen content were observed; within 2 months, however, the dermis of SPARC-null mice displayed a reduced collagen content that persisted through adulthood until E20 months, when collagen levels of SPARC-null skin approximated those of wildtype controls. The collagen ¢brils present in SPARCnull skin were smaller and more uniform in diameter, in comparison with those of wild-type skin. At 5 months of age, the average ¢bril diameter in SPARCnull versus wild-type skin was 60.2 nm versus 87.9 nm, respectively. Extraction of soluble dermal collagen revealed a relative increase in collagen VI, accompanied by a decrease in collagen I, in SPARC-null mice. A reduction in the relative amounts of higher-molecular weight collagen complexes was also observed in extracts of dermis from SPARC-null animals. Thus the absence of SPARC compromises the mechanical properties of the dermis, an e¡ect that we attribute, at least in part, to the changes in the structure and composition of its collagenous extracellular matrix. Key words: skin/ extracellular matrix/transgenic collagen. J Invest Dermatol 120: 949^955, 2003 
Although collagen and elastic ¢bers are among the major structural constituents responsible for the mechanical properties of skin, proteins that associate with these components are also important for directing formation and maintaining the stability of these ¢bers. We present evidence that SPARC (secreted protein acidic and rich in cysteine) contributes to collagen ¢bril formation in the dermis. The skin of SPARC-null adult mice had approximately half the tensile strength as that of wildtype skin. Moreover, the collagen content of SPARCnull skin, as measured by hydroxyproline analysis, was substantially reduced in adult mice. At 2 weeks of age, no di¡erences in collagen content were observed; within 2 months, however, the dermis of SPARC-null mice displayed a reduced collagen content that persisted through adulthood until E20 months, when collagen levels of SPARC-null skin approximated those of wildtype controls. The collagen ¢brils present in SPARCnull skin were smaller and more uniform in diameter, in comparison with those of wild-type skin. At 5 months of age, the average ¢bril diameter in SPARCnull versus wild-type skin was 60.2 nm versus 87.9 nm, respectively. Extraction of soluble dermal collagen revealed a relative increase in collagen VI, accompanied by a decrease in collagen I, in SPARC-null mice. A reduction in the relative amounts of higher-molecular weight collagen complexes was also observed in extracts of dermis from SPARC-null animals. Thus the absence of SPARC compromises the mechanical properties of the dermis, an e¡ect that we attribute, at least in part, to the changes in the structure and composition of its collagenous extracellular matrix. Key words: skin/ extracellular matrix/transgenic collagen. J Invest Dermatol 120: 949^955, 2003 S PARC (secreted protein acidic and rich in cysteine/BM-40/osteonectin) is a secreted glycoprotein that belongs to the matricellular class of proteins. Matricellular proteins associate with the extracellular matrix (ECM) but are thought not to serve a structural function (as established for classical ECM proteins such as collagen), but to act as modulators of cell^ECM interaction (Bornstein and Sage, 2002) . Thrombospondin 1 and 2, tenascin C and X, osteopontin, and SPARC are examples of matricellular proteins, the absence of which leads to changes in ECM assembly and composition (Bornstein and Sage, 2002) . For example, thrombospondin-2 null mice display altered collagen ¢bril morphology in the skin (Kyriakides et al, 1998) . Moreover, mutations in tenascin X have been implicated in a form of Ehlers^Danlos syndrome (Burch et al, 1997) , and result in diminished deposition of collagen in the skin (Mao et al, 2002) . Apparently, cells express matricellular proteins in a tissue-speci¢c manner to modify and construct the appropriate ECM required for tissue function.
SPARC is expressed at high levels during development in many areas of the embryo, and SPARC mRNA and protein decrease concomitantly with the di¡erentiation of speci¢c cell types and organization of tissues (Lane and Sage, 1994) . Expression of SPARC often recurs in response to injury and during ECM turnover in adult animals. For example, increased amounts of SPARC are observed during dermal wound repair and in association with angiogenesis (Reed et al, 1993; Brekken and Sage, 2001) .
In many cases, the production of SPARC accompanies induction of collagen I (Brekken and Sage, 2001) . SPARC binds to collagens I^V, and cleavage of SPARC by certain matrix metalloproteinases results in an increased a⁄nity of SPARC for these ECM proteins (Sage et al, 1989; Sasaki et al, 1997) . Iruela-Arispe et al (1996) reported that mice that do not express collagen I in mesenchymal tissues fail to deposit SPARC into ECM in vivo and in vitro. Hence, production of collagen I appears to be requisite for the association of SPARC with embryonic ECM in the mouse.
SPARC-null mice display a number of di¡erent abnormalities that appear to re£ect, at least in part, changes in the structure and composition of tissue-speci¢c ECM (Bradshaw and Sage, 2001 ). Early onset cataractogenesis was observed in three separate SPARC-null transgenic backgrounds (Gilmour et al, 1998; Norose et al, 1998) . Yan et al (2002) reported substantial alterations in the distribution of collagen IV and laminin in the SPARC-null lens capsule basement membrane, which was more permeable to water and small molecules than the capsule synthesized in wild-type mice. Presumably, a lack of SPARC contributed to early onset cataractogenesis by disruption of the ion and £uid balance across the basement membrane of the lens. SPARC-null mice also developed severe osteopenia by 6 mo of age, due in part to a decrease in the synthesis of new bone by osteoblasts (Delany et al, 2000) . In addition, mice that do not produce SPARC exhibited enhanced closure of dermal wounds (Bradshaw et al, 2002) .
The authors proposed that the connective tissue of the dermis made in the absence of SPARC was intrinsically more contractile than that of wild-type mice, a property due, at least in part, to the decrease in collagen content of the skin in SPARC-null mice (Bradshaw et al, 2002) .
We sought to investigate further the function of SPARC in the design and composition of the ECM in skin. We observed that the decrease in collagen content of SPARC-null skin began at E2 mo of age and became more substantial with age. We found that the dermal collagen ¢brils assembled in the absence of SPARC were smaller and more uniform in diameter than those of wild-type dermis. We also showed that the altered SPARCnull dermal ECM resulted in a decreased tensile strength of SPARC-null skin in comparison with wild-type skin. We conclude that expression of SPARC is required for maturation of collagen in the dermal ECM, and that the absence of this glycoprotein leads to aberrant ECM in murine skin that a¡ects its mechanical strength.
MATERIALS AND METHODS
Animals C57BL/6J X 129SVJ mice with a targeted deletion of the SPARC gene as described by Norose et al (1998) were used in these studies. Wild-type control mice generated from periodic heterozygous crosses were maintained under identical conditions as SPARC-null mice to ensure minimal variability in genetic background and environment between transgenic and wild-type animals. Experiments were conducted under a protocol approved by the Institutional Animal Care and use Committee of the Hopeheart Institute and Fred Hutchinson Cancer Research Center, Seattle, WA, USA.
Histology and transmission electron microscopy (EM) Skin from age-matched wild-type and SPARC-null animals was ¢xed in either formalin (histologic stains), methyl Carnoy's (immunohistochemistry for SPARC), or Karnovsky's ¢xative (EM). Masson's trichrome and picrosirius red stains were carried out as described (Bradshaw et al, 2002) . Immunohistochemistry was performed with an a⁄nity-puri¢ed polyclonal antibody that was generated in goat against murine SPARC puri¢ed from PYS-2 cells (Sage et al, 1989) . Secondary antibodies against goat IgG conjugated to horseradish peroxidase (Jackson ImmunoResearch, West Grove, PA) were used to detect and amplify primary immunoreactivity in sections of skin. Subsequent incubation of sections with 3,3 0 -diaminobenzidine substrate (Sigma, St Louis, MO) was used to identify immunoreactivity for SPARC. Slides were counterstained with toluidine blue. Skin from wild-type and SPARC-null mice was immersed in Karnovsky's ¢xative for EM and processed for routine transmission EM (Karnovsky, 1965) .
EM taken at Â 20,000 magni¢cation were scanned into Adobe Photoshop (Fremont, WA) on an Epson £at bed scanner. Three wild-type and six SPARC-null animals were used for quanti¢cation, with a minimum contribution of 200 ¢brils from each mouse. Measurement of ¢bril diameter was performed with the NIH image software program, and data were transferred to the Microsoft Excel program (Redmond, WA) to generate average lengths and distributions of diameters.
Tensile strength measurements Full thickness (2 cm in length Â 1 cm in width) strips of 5 mo wild-type (n ¼ 9) and SPARC-null skin (n ¼ 12) were used to determine the tensile strength by an Instron tensiometer. The tissue was allowed to stretch and break under a given load (kilogram-force) in the tensiometer. The unit of measurement is force per cross-sectional area ¼ kg per mm 2 . The results are reported as ratios between the mean tensile strength of SPARC-null and wild-type mice. The signi¢cance of the di¡erence between the two genotypes was determined by Student's t test for unpaired values.
Hydroxyproline analysis A minimum of three mice of each genotype contributed to each time point. Sections of E1 cm 2 were collected from the dorsum of each animal. Skin pieces uniform in color were chosen for analysis to ensure similar stages of hair follicle morphogenesis between samples (Yamamoto and Yamauchi, 1999; Muller-Rover et al, 2001) . Hydroxyproline analysis was carried out according to Woessner (1961) , as described in Bradshaw et al (2002) .
Characterization of acetic acid-soluble collagen Equal weights of skin taken from the dorsa of wild-type and SPARC-null mice were minced and placed in cold 0.5 M acetic acid. The skin pieces were stirred overnight at 41C. Soluble collagen was separated from insoluble collagen by centrifugation at 12,000 Â g for 30 min, and the supernate was dialyzed against 0.1 M acetic acid at 41C and was lyophilized. Equal amounts of lyophilized protein (by weight) were resuspended in cold 0.1 M acetic acid and were tumbled from 4 to 20 h. Equal volumes of wild-type and SPARC-null protein were neutralized with 1 M Tris-base (pH 11), boiled in sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDSP AGE) sample bu¡er with and without 0.1 M dithiothreitol, and resolved by SDS^PAGE on 8% polyacrylamide gels (Laemmli, 1970) . For detection of collagen VI, proteins were transferred to PVDF membranes. Three separate collagen VI polyclonal antibodies (provided by Dr Eva Engvall, Burnham Institute, La Jolla, CA) were immunoreactive with a E140 kDa band (Engvall et al, 1986 ) that was sensitive to pepsin digestion, characteristic of type VI collagen (Timpl and Engel, 1987) .
RESULTS
Morphologic analysis of SPARC-null skin Through the course of routine handling of the SPARC-null mice in our colony, we observed that the skin of mice lacking SPARC tended to be more pliable and sensitive to tearing than that of wild-type mice. In addition, the tails of SPARC-null mice always curled at the tips by E3 mo of age. We reasoned that collagen-rich ECM present in the skin and tendon of the tail might be altered in the absence of SPARC. Shown in Fig 1 are sections of skin from adult wild-type (Fig 1A,C) and SPARCnull mice (Fig 1B,D) . Collagen ¢bers stained by Masson's trichrome reagent (Fig 1A,B) are blue. The SPARC-null dermis appeared to be less dense than that of wild-type animals. Picrosirius red (Fig 1C,D) stains mature collagen ¢bers red, and less cross-linked ¢bers as yellow and green, when viewed under polarized light (Sweat et al, 1964) . A preponderance of smaller, yellow and green ¢bers was present in the SPARC-null dermis, a result indicating that the majority of collagen ¢bers formed in the absence of SPARC were more immature and less cross-linked than those of wild-type dermis.
EM of dermis from SPARC-null (Fig 2A,C) and wild-type mice (Fig 2B,D) revealed further di¡erences in collagen organization (Fig 2) . Collagen ¢brils in SPARC-null dermis were smaller and more uniform in diameter than the corresponding ¢brils in wild-type skin. The di¡erence in collagen ¢brils was especially pronounced when deeper regions of wild-type and SPARC-null reticular dermis were compared. Typical of normal murine skin, a broad range of ¢bril diameters was noted in this region (Craig et al, 1987) . In contrast, SPARCnull collagen ¢brils displayed similar diameters throughout the dermis. Collagen ¢bril diameters were quanti¢ed from EM taken predominantly from the reticular dermis of three wildtype and six SPARC-null animals. The size distribution pro¢les are shown in Fig 3. Average diameters of 87.9 nm for wild-type and 60.2 nm for SPARC-null collagen ¢brils were found. Hence, the absence of SPARC resulted in signi¢cant alterations in the ultrastructure of the dermal ECM.
Tensile strength We hypothesized that the changes in the structure and composition of the ECM in SPARC-null skin might adversely a¡ect the tensile strength of the tissue. Pieces of skin from the dorsa of 5 mo wild-type and SPARC-null animals were placed on an Instron tensiometer to measure their tensile strength (Eming et al, 1999) . As shown in Fig 4, the skin of adult SPARC-null mice (black bar) exhibited a substantially lower tensile strength than the skin of adult wild-type animals (white bar).
Hydroxyproline analysis of wild-type and SPARC-null skin We reported previously that the collagen content of SPARC-null skin is approximately half that of wild-type skin in adult animals (Bradshaw et al, 2002) . We asked whether the decrease in collagen accumulation in the skin was a¡ected by age. Hydroxyproline analysis was carried out on skin samples from age-matched wild-type and SPARC-null animals at seven separate ages (Fig 5) . Interestingly, animals that were 2 wk of age did not display signi¢cant di¡erences in the content of dermal collagen. A substantial decrease in the amount of collagen in SPARC-null vs wild-type skin was noted at 3 mo of age, when the period of rapid growth ends. The decrease in collagen content of SPARC-null skin was maintained over the . Quanti¢cation and distribution of collagen ¢bril diameters from wild-type and SPARC-null skin. The frequency of collagen ¢brils with a given diameter from wild-type (white bars) and SPARC-null skin (black bars) is shown in the histogram. At least 200 ¢-brils from six SPARC-null and three wild-type animals at 5 mo of age were used for the analysis. The average ¢bril diameter in SPARC-null skin was 60.2 nm, whereas wild-type ¢brils averaged 87.9 nm. Collagen ¢brils larger than 110 nm in diameter are not present in SPARC-null dermis. ¢rst year. Although the di¡erences in hydroxyproline content at 6 mo were not statistically signi¢cant between wild-type and SPARC-null skin, the trend toward diminished levels of collagen in the absence of SPARC was apparent. At ages 420 mo, the levels of collagen in SPARC-null skin approximate that of wild-type skin (Fig 5) .
Expression of SPARC in wild-type skin To begin to address the function of SPARC in ECM organization in the skin, we performed immunohistochemistry with an anti-SPARC polyclonal antibody on sections of skin from wild-type animals of di¡erent ages (Fig 6) . The expression of SPARC in adult skin has been described previously for rat and human species (Reed et al, 1993; Hunzelman et al, 1998) . In accordance with these studies, we found SPARC immunoreactivity in adult dermis to be primarily associated with hair follicles, blood vessels, and occasional ¢broblasts (Fig 6E,F) . The incidence of SPARC was substantially reduced in adult skin in comparison with that observed in sections from postnatal day 1 (Fig 6, compares Fig 6E,F with Fig 6A,C) . In fact, immunoreactivity for SPARC was sharply reduced in skin from animals 2 wk of age (Fig 6B,D) in comparison with newborn mice (Fig 6A,C) . Immunoreactivity in the skin of newborn animals appeared within ¢broblasts and was associated with extracellular material. Although resolution at the level of the light microscope does not provide de¢nitive evidence for the localization of SPARC to the ECM of skin in newborn animals, the intensity and prevalence of staining throughout the sections were consistent with an association of SPARC with dermal ECM at postnatal day 1. By 2 wk of age, immunoreactivity for SPARC appeared to be largely intracellular. Levels of SPARC in the skin appear to diminish with increasing age, consistent with the decrease in SPARC observed in other tissues that coincides with di¡erentiation and the cessation of growth (Bradshaw and Sage, 2001 ).
SPARC-null acetic acid-soluble collagen contains fewer high molecular weight forms in comparison with that of wildtype skin To assess potential biochemical alterations in the expression and/or modi¢cation of collagens in the dermis, we extracted soluble collagen from skin with acetic acid (Sage and Bornstein, 1982) . We also treated the insoluble collagen fraction with pepsin to release collagen that was highly cross-linked from the matrix. No di¡erences were observed between SPARC-null and wild-type collagen released by pepsin from the insoluble matrix (data not shown). Shown in Fig 7 is an SDSp olyacrylamide gel of soluble collagens extracted from wildtype and SPARC-null skin from animals of increasing age. Equal amounts of lyophilized collagen soluble in acetic acid were resolved by SDS^PAGE. The major collagen in skin is collagen type I (Fig 7, small arrows) (Klein and ChandraRajan, 1977) . The band E140 kDa present in extracts from mice 2 wk of age (Fig 7, lanes 1 and 2, dashed arrow) was shown to be collagen a 1(III) by interrupted electrophoresis following pepsin digestion (data not shown). Collagen type III has been shown to be present in higher amounts in the skin of younger animals relative to older animals (Shuttleworth and Forrest, 1975; Ramshaw, 1986 ). We did not observe signi¢cant di¡erences between wild-type and SPARC-null samples, with respect to the pro¢le and amount of soluble collagen extracted from mice 2 wk of age; however, there were di¡erences in the amount of collagen extracted from mice at 2 mo of age [wild-type: 70 mg per g tissue (dry protein per wet weight of tissue); SPARC-null: 50 mg per g tissue], as well as a decrease in the amount of higher molecular weight collagen complexes (Fig 7, lanes 3 and 4, large arrows) . The collagenous nature of the higher molecular weight bands was con¢rmed by sensitivity to collagenase (data not shown). At 4^5 mo of age, the amount of soluble collagen extracted from SPARC-null skin continued to be less than that extracted from wild-type skin (wild-type: 50 mg per g tissue; SPARC-null: 25 mg per g tissue). In addition, we noted the appearance of a E140 kDa band with a slightly lower mobility than the a1(I) collagen chain in extracts from mice 4 mo of age and older (Fig 7, lanes  5 and 6, upper arrowheads) . The E140 kDa chain was consistently over-represented in collagen extracted from SPARC-null mice, in comparison with wild-type samples, in animals between 4 and 6 mo of age (see below). As reported by Shuster et al (1975) , in aged animals (420 mo) the amount of soluble collagen was greatly decreased compared with that from younger animals (wild-type and SPARC-null ¼ 20 mg per g tissue) (Fig 7, lanes 7 and 8) . We did not observe di¡erences in the amount of soluble collagen extracted from wild-type and SPARC-null skin at this age, consistent with the result shown in Fig 5, that the overall amount of collagen in the skin of both genotypes of older ages was not signi¢cantly di¡erent. Hence, the in£uence of SPARC on collagen content in the skin appeared to be greatest in young adult to middle-aged animals.
Collagen type VI is expressed in the dermis and is composed of three subunits: a1(VI)/a2(VI)/a3(VI) (1:1:1). The a1(VI) and the a2(VI) subunits migrate at E140 kDa, whereas the larger a3(VI) subunit migrates at E230 kDa (Engvall et al, 1986) . Whereas the processed forms of collagen I and III soluble in acetic acid are . Adult SPARC-null mice exhibit reduced levels of collagen in skin. Hydroxyproline levels from SPARC-null skin were measured in animals of di¡erent ages and were calculated as percent of hydroxyproline levels in wild-type mice. Although the amounts of collagen were similar at 2 wk and X20 mo, adult SPARC-null skin (between 3 and 12 mo) exhibited reduced amounts of collagen, in comparison with wild-type skin. Samples of skin from at least three animals of each genotype per age shown contributed to the analysis. Error bars represent SEM. n pp0.02. resistant to pepsin digestion, soluble collagen VI is cleaved by pepsin. The E140 kDa collagenous protein over-represented in SPARC-null acetic-acid extracts from the skin of mice 4 mo of age (see Fig 7, lane 6 ) was sensitive to pepsin (Fig 8) . Three separate polyclonal antibodies against type VI collagen reacted with the E140 kDa band that was enhanced in the acetic acidsoluble protein extracted from SPARC-null skin (Fig 8, small arrow, indicating results with one antibody). Measured by pixel density, the band representing collagen a1(I) was increased 25% (711) in wild-type over SPARC-null skin at 4 mo of age, whereas the E140 kDa band indicative of collagen VI was increased by 34% (76) in the SPARC-null relative to wild-type extracts. We concluded that the absence of SPARC led to the selective accumulation of soluble collagen VI while adversely a¡ecting the accumulation of collagen I in the skin.
DISCUSSION
We noted that the skin compliance of SPARC-null mice was distinct from that of wild-type mice during the course of handling and maintaining our colony; SPARC-null skin appeared to be more lax and more prone to tearing. Closer examination of sections from wild-type and SPARC-null skin revealed di¡erences in the structure of the collagenous dermis. Staining with picrosirius red showed a decrease in the amount of large, cross-linked collagen ¢bers in SPARC-null skin. Moreover, collagen ¢brils produced in the absence of SPARC were characteristically of smaller size and were more uniform in diameter than those of wild-type dermis. Hydroxyproline analysis of age-matched skin samples from wild-type and SPARC-null mice revealed a decrease in the collagen content at adult ages in the latter group, whereas very young (E2 wk) and aged animals (420 mo) from both genotypes exhibited approximately equal amounts of dermal collagen. Expression of SPARC in skin was most pronounced in newborn animals and showed a signi¢cant decrease with age. Biochemical examination of acetic acid-soluble collagen revealed a diminished level of higher molecular weight forms of collagen in adult mice lacking SPARC and an increase in the relative levels of collagen VI. Finally, the aberrant ECM assembled in the absence of SPARC resulted in skin with reduced tensile strength, in comparison with age-matched, wild-type mice.
We propose that SPARC acts to in£uence collagen accumulation in the skin through regulation of collagen deposition into Figure 6 . SPARC immunoreactivity in skin decreases with age. Immunoreactivity for SPARC was highest in newborn skin (A,C) and signi¢cantly reduced by 2 wk of age (B,D). Immunolocalization of SPARC in newborn skin (C) was consistent with extracellular staining (white arrow); intracellular staining (black arrows) was also substantial. Immunoreactivity for SPARC at 2 wk of age (D) appeared to be predominantly intracellular (black arrows). In adult animals at 3 mo (E) and 5 mo (F), immunoreactivity for SPARC was progressively diminished and appeared to be almost exclusively intracellular. e, epidermis. Bar in A and F equals 35 mm (A,B,E,F are of equal magni¢cation); bar in D equals 14 mm (C,D are of equal magni¢cation).
the ECM rather than through regulation of transcription of collagen I mRNA, based on the following observations: (i) in situ hybridization of a1(I) mRNA in adult skin and dermal wounds did not exhibit signi¢cant di¡erences between SPARC-null and wild-type animals (Bradshaw et al, 2002) ; (ii) steady-state levels of collagen a1(I) by primary dermal ¢broblasts cultured from SPARC-null and wild-type mice 3 mo of age was similar (data not shown); and (iii) the e¡ect of SPARC on collagen content in the skin was dependent upon age and was most apparent in animals 4^6 mo of age (Fig 5) . Thus, an activity associated with SPARC appears to be critical for the stable incorporation of collagen into the ECM in the dermis.
Decreased collagen accumulation in the skin of SPARC-null mice became apparent at 2 mo of age. Interestingly, expression of SPARC was highest at very young ages (newborn^2 wk of age), at which time no di¡erences in amounts of collagen were detected between wild-type and SPARC-null mice. At 3 mo, when immunoreactivity for SPARC was substantially reduced, signi¢cant di¡erences in collagen levels were noted in wild-type vs SPARC-null skin. SPARC, therefore, might act to modify the surface of collagen ¢brils early in development to promote ¢bril aggregation and/or stability of ¢brils in the ECM through crosslinking. Seemingly, the modi¢cation performed by SPARC would persist when expression of SPARC decreased, e.g., with age. Alternatively, SPARC immunoreactivity in the tissue might be masked. For example, if SPARC were incorporated within collagen ¢brils, detection of the protein could be di⁄cult. Collagen V regulates the size of collagen ¢brils and is found associated within collagen I ¢brils (Birk et al, 1990) . In fact, detection of collagen V by immuno-EM required prior swelling of the tissue with acetic acid (Keene et al, 1997) . Perhaps SPARC is required during a speci¢c developmental window for the recruitment of collagen-associated proteins that facilitate collagen ¢bril aggregation in the ECM. In the absence of SPARC, the collagen ¢brils do not appear to progress beyond an early developmental stage, due to either a lack of protein interaction at the ¢bril surface or, perhaps, incomplete cross-link formation that acts to stabilize collagen complexes. As a result, the amount of deposited collagen and the architecture of the ¢brils are compromised. Experiments are in progress to quantify the level and type of collagen crosslinks present in SPARC-null skin.
Collagen soluble in acetic acid extracted from adult SPARCnull skin contains less collagen I than wild-type skin but more collagen VI. Unlike ¢brillar collagens such as I and III that form large, cable-like ¢bers in the skin, collagen VI forms thin micro¢brillar structures that resemble ''beads on a string'' (Timpl and Engel, 1987) . By immuno-EM, collagen VI ¢bers have been observed wrapped around large collagen ¢bers (Keene et al, 1997) . The site of interaction of collagen VI with collagen I ¢bers coincides with decorin binding sites on the latter. Collagen VI binds to collagen I-associated proteoglycans, such as decorin, and has been proposed to serve as an organizer of collagen ¢bers in the skin (Keene et al, 1998) . Our EM studies did not detect collagen VI ¢brils in the skin, as these ¢brils require speci¢c staining for detection (Keene et al, 1997) . Experiments are planned to address by EM the distribution of collagen VI ¢brils in SPARC-null skin. Currently, there are no published reports that collagen VI a¡ects the collagen I ¢bril diameter. Collagen VI is able to support cell adhesion and has been reported to contain a number of cell-binding domains. An intriguing speculation is that the increase in the relative amounts of soluble collagen VI in the skin of SPARC-null mice might contribute to the accelerated wound healing observed in SPARC-null vs wild-type mice (Bradshaw and Sage, 2002 ). An increase in the relative amounts of collagen VI might increase cell binding domains within the ECM for myo¢broblast attachment and would thus lead to enhanced contraction of the dermis. Interestingly, an increase in collagen VI expression by ¢bro-blasts from patients with cutis laxa, a disease characterized by loose skin, has been reported (Crawford et al, 1985) . If collagen VI in£uences the elasticity of skin, the increase in this protein observed in SPARC-null mice might be at least partially responsible for the laxity we have noted in their skin. We have also observed that the amount of soluble collagen VI was elevated in extracted collagen from aged animals (420 mo) of both genotypes. Perhaps an increase in collagen VI also contributes to the generally more lax quality of the skin of aged mice in comparison with young animals.
The increased levels of soluble collagen VI in the skin of SPARC-null mice might have resulted from increased synthesis of collagen VI and/or from decreased amounts of collagen I. The a1(VI) and a2(VI) chains of collagen VI were readily identi¢able in the acetic acid-soluble extracts from skin. Presumably the larger a3(VI) chain, E230 kDa, was also present in the extracts, although it was more di⁄cult to discern due to comigration with other higher molecular weight protein complexes. Preliminary results from immunoprecipitation experiments have shown an increase in collagen VI in media conditioned by SPARC-null ¢-broblasts. Immunoprecipitation with antibodies against collagen VI resulted in protein bands on SDS^PAGE corresponding to all three chains a(VI) chains (data not shown). Experiments are underway to con¢rm these results and to determine how SPARC might act to a¡ect collagen VI production by dermal ¢broblasts.
SPARC-null mice have recently been shown to exhibit a reduced foreign body response to biomaterials that was characterized by a diminished collagenous capsule surrounding the subcutaneous implants (Puolakkainen et al 2003) . The reduction in collagen deposition in the foreign body response is consistent with the reduced collagen content observed in the dermis of SPARC-null mice. Similar results, in a di¡erent experimental model, were obtained after the subcutaneous injection of Lewis lung carcinoma cells into SPARC-null and wild-type mice (Brekken et al, 2003) . Encapsulation of the tumors by a collagenous matrix was observed in both genotypes; however, the capsule formed in the absence of SPARC was substantially diminished in collagen content and maturity of collagen ¢bers. Perhaps the decreased capacity of SPARC-null animals to form a mature, cross-linked collagen matrix impairs the ability of these mice to respond to foreign materials and to encapsulate tumors. Further characterization of the ECM formed in the absence of SPARC will provide valuable insight into the mechanisms used by cells to construct an extracellular environment that accommodates the needs of a given tissue during development and in response to injury.
